Abstract-This paper presents and compares control strategies for three-phase open-end winding drives operating in the fluxweakening region. A six-leg inverter with a single dc link is associated with the machine in order to use a single energy source. With this topology, the zero-sequence circuit has to be considered since the zero-sequence current can circulate in the windings. Therefore, conventional overmodulation strategies are not appropriate when the machine enters in the flux-weakening region. A few solutions dealing with the zero-sequence circuit have been proposed in the literature. They use a modified space vector modulation or a conventional modulation with additional voltage limitations. This paper describes the aforementioned strategies, and then, a new strategy is proposed. This new strategy takes into account the magnitudes and phase angles of the voltage harmonic components. This yields better voltage utilization in the dq frame. Furthermore, inverter saturation is avoided in the zero-sequence frame, and therefore, zero-sequence current control is maintained. Three methods are implemented on a test bed composed of a three-phase permanent-magnet synchronous machine, a six-leg inverter, and a hybrid digital signal processor /field-programmable gate array controller. Experimental results are presented and compared for all strategies. A performance analysis is conducted as regards the region of operation and the machine parameters.
for electric vehicles [5] , [6] , a method to boost the supply voltage [7] and a topology for supplying the machine with two isolated sources that can exchange energy between them [8] .
Several converter topologies have been suggested to be associated with three-phase open-end winding machines [9] .
Independent full-bridge converters (with different sources, digital signal processors (DSPs), sensors, and so forth) are the most appropriate as regards fault tolerance, but are only cost effective for critical applications in which failures have dramatic effects.
Topologies with two three-leg inverters are alternative solutions to reduce the cost of the system. In case there are two isolated sources, and thus, separate dc links, the zero-sequence current cannot circulate. This is an advantage for the healthy operation as current ripple and Joule losses are reduced. Faulttolerant capability of this topology is discussed in [10] , showing that some fault conditions can be handled by creating an artificial neutral point with the faulty inverter, at the expense of a phase-voltage drop of half the initial value.
On the other hand, a topology with a single dc link has the advantage to reduce the drive cost while offering a good faulttolerant capability since the machine can be operated with two active phases. In the latter case, the sum of the healthy phase currents has to be different from zero in order to eliminate torque ripple [11] , [12] . This can be obtained through a zero-sequence path. With this topology, a control strategy for handling the zero-sequence current in healthy operation is required as well.
Problems associated with the zero-sequence current are generally due to a low zero-sequence inductance, and thus, a low time constant, yielding high-frequency current ripple in case a two-level modulation strategy is used. In [13] , a modified spacevector pulse-width modulation (SV-PWM) strategy is presented, in which the common mode voltage is eliminated. This allows an elimination of the high-frequency zero-sequence current as well, as all selected vectors have an instantaneous zero-sequence voltage equal to zero. However, the zero-sequence circuit is then short circuited and triplen harmonic current components can circulate. The magnitude of the zero-sequence current depends on the machine parameters, i.e., the zero-sequence electromotive force (emf), inductance, and stator resistance. In some cases, this current can be large, and therefore, other modulation techniques, apart from two-level PWM techniques, need to be used as conventional three-level PWMs for instance [14] [15] [16] .
In case a conventional modulation technique is used, vectors with a zero-sequence voltage different from zero can be applied. Compared with star-connected machines, there is an important difference regarding inverter saturation. When six-step or quasi-six-steps strategies are applied to starconnected machines, fifth-and seventh-harmonic components affect the voltages and currents [17] [18] [19] [20] . Considering a sixleg inverter, triplen harmonics, i.e., those associated with the zero-sequence component, have to be considered as well.
In case of inverter saturation, the magnitude of the thirdharmonic voltage component can be larger than those of the fifth and seventh harmonics. This, combined with a low zerosequence inductance, can have dramatic effects on the phase currents. Consequently, inverter saturation has to be avoided.
In [22] , inverter saturation is avoided by reducing the maximum fundamental voltage available in the dq reference frame.
In this paper, strategies proposed in [13] , [14] , [21] , and [22] are first recalled. These strategies will be referred to as zerospace vector modulation (Z-SVM) and voltage-limited PWM (VL-PWM). An analysis of experimental results highlighting the properties of both strategies is conducted.
Next, it is shown that the strategy proposed in [22] is based on a worst case analysis and can be substantially improved. Through the analysis of a waveform composed of fundamentaland third-harmonic components, the importance of the relative phase and magnitudes of both harmonics is highlighted. A new voltage limit is then calculated, yielding better voltage source inverter utilization. An implementation of this strategy is also proposed, which will be referred to as zero-sequence harmonic detection (ZSHD) in what follows.
For each strategy, a calculation of the voltage limits is given and a detailed control scheme is proposed. It has to be noted that a conventional flux-weakening strategy is applied, which can be found in a vast body of the literature [23] [24] [25] [26] [27] [28] .
Finally, a comparison of the three strategies is performed and hints for the selection of the appropriate strategy as a function of the machine parameters are given.
II. DRIVE MODEL
The drive topology under study is shown in Fig. 1 . The PMSM and inverter models are described in the following sections.
A. Open-end Winding PMSM Modeling
Neglecting the effects of saliency and magnetic saturation, the model of PMSMs is given by
where V abc are the voltages at the machine terminals, R s the stator resistance, I abc the phase currents, [L abc ] the inductance matrix, and E abc the emf due to the permanent magnets. Neglecting emf harmonic components beyond the third harmonic, the emf is described by
where Ω is the mechanical angular velocity,K t is the emf constant, and k fem3 is the amount of third-harmonic component with respect to the fundamental harmonic. The electrical equations of open-end windings PMSMs expressed in the rotor reference frame are given by (2) after successively applying Concordia
and rotational
In what follows, it will be considered that
where L 0 is the zero-sequence inductance, L d and L q the dand q-axis inductances, respectively, ω e the electrical angular velocity, and θ e the electrical position. The zero-sequence emf E 0 is composed of a third-harmonic component, and is thus, a function of 3θ e that can be expressed as E 0 = ω e e (3θ e ) with e (3θ e ) = √ 3K
where N pp is the number of pole pairs. Due to the Concordia transformation, a square root coefficient is present, as it is shown later on in Table III . The terms E d and E q depend on the value of the fundamental flux linkage due to the permanent magnets ψ M ,1 , the coupling terms, and possibly other harmonic components that are not multiple of three (neglected in this approach).
Under the assumption of negligible saliency and neglecting emf harmonic components beyond the third harmonic, the electromagnetic torque is given by
The parameters of the permanent-magnet synchronous machine (PMSM) under study are given in Table I . It is worth noticing that L 0 = L d /24 and |e (3θ e )| refers to the peak value of e (3θ e ) in the zero-sequence frame. A weak value of L 0 in comparison with L d value is quite common for three-phase electrical machine with strong mutual couplings. In this case, L 0 is close to the leakage inductance. The high ratio will induce constraint on the control.
B. Six-Leg Inverter Modeling
The converter output voltage with respect to the x-phase (x ∈ {a, b, c}) is equal to
that leads to 2 6 = 64 possible combinations of switching states. From the 64 switching combinations, considering the voltage vector that may be applied to the three independent phases of the machine (V x ), only 27 different voltage vectors appear. As in the case of the three-phase VSI, where eight vectors are generated by the different switching combinations and only seven appears as different for a three-phase star-coupled machine windings, in the case of the open-end winding machine, from the 64 vectors generated by the inverter only 27 appears as different for the machine, the rest being redundant.
A 3-D representation of the VSI is possible by considering the three-phase voltages of the machine. In the abc reference frame the 27 voltage vectors are shown in Fig. 2 (values are normalized by V DC ). The voltage vectors form a cube in the abc reference frame.
The gray hexagon in Fig. 2 corresponds to the projection of the cube in the αβ reference frame, obtained by applying the Concordia transformation. In addition to the αβ plane, similar to the case where a three-phase star-coupled machine is used, a zero-sequence component is also present. The zero-sequence component is projected over the zero-sequence axis that is oriented along a diagonal of the cube.
In what follows, values are presented in per unit, with the voltage values normalized by V DC and currents values by |I abc,max |. Due to the Concordia transformation, coefficients appear when expressed in per unit. These coefficients are given in Tables II  and III for currents and voltages, respectively.
III. CONTROL STRATEGIES
The general control scheme is shown in Fig. 3 and different versions of the DSP block will be examined in this paper (see Figs. 5, 9, and 14). The current reference I * q is obtained from the torque reference T * em by inversing (4). Assuming a negligible contribution of the zero-sequence component to the torque generation, I * q is given by
where k t is the torque constant of the electric machine only due to the first-harmonic component of the emf. Control and flux-weakening algorithms are handled within the DSP, while data acquisition, modulation strategy, Concordia and rotational transformations, filtering, and signal conditioning are deported on the field-programmable gate array (FPGA).
Three control strategies are presented in the following sections, focusing on the current control. An identical integratorbased solution is implemented for all flux-weakening strategies [24] . However, an important difference consists in the voltage limits, which are different for each strategy. Modulation strategies are briefly addressed as well.
A. Z-SVM
Basics of the Z-SVM are presented in [13] , whereas implementation details for FPGA are discussed in [14] . The strategy consists in selecting vectors having an instantaneous zerosequence voltage component equal to zero. Among these vectors, six form a hexagon in the αβ plane defined by V 0 = 0, as depicted in Fig. 4 , dashdotted hexagon. Using these six vectors and zero vectors, a conventional SVM can be implemented. The abc (αβ) voltage limit is equal to 1 pu ( 3/2pu) in case of linear modulation, whereas this value can be increased in case six-step or quasi-six-step strategies are used. In what follows, only linear modulations are presented for the sake of comparison between the strategies.
With this strategy, V 0 is equal to zero, and therefore, from (2)
Hence, the zero-sequence current only depends on the machine parameters.
The control block diagram associated with this strategy is given in Fig. 5 .
First, the q-axis current reference is saturated according to a maximum Joule losses criterion
where 
with |V * * dq | the modulus of the saturated voltage references (phase is kept constant).
Experimental results of the proposed strategy are shown in 
The plot shows one phase current (CH1) and the sum of the phase currents (CH2), which is related to the zero-sequence current through the Concordia transformation as follows:
Fig . 6 shows the following three interesting properties of this control strategy: 1) the high-frequency current ripple is very low. This is due to the elimination of the instantaneous zero-sequence voltage component and a large value of the dq-axis inductance for this machine. 2) the RMS value of the zero-sequence current can be high, (depends on the machine parameters). In this case, the ratio of Joule losses compared with the fundamental component is equal to 10%. 3) the peak value of the phase current can be very large (depends on the relative phase between the third-harmonic and the fundamental components). In this case, the peak amplitude increases of about 31%. Consequently, although the high-frequency zero-sequence current is eliminated, the third-harmonic component is still responsible for additional Joule losses (both inverter and machine losses), IGBT and heat sink oversizing, magnetic saturation, and increase of iron losses in the machine. Furthermore, torque ripple due to the zero-sequence current can appear as well.
Additional experimental results are presented in Fig. 7 . The test shows the machine starting at time t = 0 s and with a 100 rad s −2 acceleration maintained throughout 2.5 s. The torque reference is such that I * q = 25 A. Fig. 7(a) shows the 0dq currents. Initially, all currents are close to their reference, i.e., I q = 25 A, I d = 0 A, and I 0 is low. The dq currents have a sixth-harmonic component due to additional induced voltages. The zero-sequence current is primarily composed of a third-harmonic component.
The drive enters the flux-weakening region at time t = 1.7 s. As the machine was operated at rated torque, the current limitation immediately applies. From t = 1.7 s until t = 2.5 s, the d-axis current becomes negative in order to maintain the voltage reference under the voltage limitation. It is interesting to observe that the zero-sequence current increases in the flux-weakening region. This is due to magnetic saturation that decreases the value of the zero-sequence inductance.
Saturated voltage references are shown in Fig. 7 (c) and (d), which indicate that the magnitude of the dq voltage references are equal to √ 1.5 pu in the flux-weakening region.
B. Conventional Modulation With an Additional Voltage Limitation (VL-PWM)
In the previous section, it was shown that it might be interesting to select voltage vectors which have an instantaneous zero-sequence component different from zero. The objective is to eliminate the third-harmonic current component. Obviously, it is not possible to eliminate both the third-harmonic current component (due to the machine emf) and the high-frequency current ripple (due to the inverter voltage). In this section, effects of a zero-sequence voltage reference different from zero are evaluated. The modulation strategy that is used is referred to as "three-level simple modulation" in [14] .
In case any of the 27 voltage vectors can be used, the voltage references have to be kept inside the cube (see Fig. 2 ). New voltage limitations have to be defined in this case, as illustrated in Fig. 8 .
Considering a voltage vector V s with a given zero-sequence component V 0 , the closest surface delimiting the cube is shown in Fig. 8 . The projection of V s gives the maximum component available along the α-axis. For an absolute value of the zerosequence component ranging from 0 to √ 3 pu, the voltage limit is a straight line passing through points A and B.
The equation of the straight line passing through these points A and B is given by
Equation (12) is consistent with the voltage limitation proposed in [19] .
Under the assumption of a single-harmonic component in the zero-sequence circuit, the maximum value of the dq voltage references can be expressed as
Hence, a zero-sequence voltage component different from zero affects the maximum voltage available in the dq reference frame.
The corresponding control block diagram is shown in Fig. 9 . The zero-sequence current is now controlled, in a similar way compared with the dq currents, i.e., through a proportionalintegral controller and emf compensation (feed-forward). The zero-sequence voltage reference V * 0 passes through a RMS calculation block, whose output is used to calculate the voltage limitation (13) .
The q-axis current reference is still saturated according to (8) .
Obviously, V dq ,max is now used to saturate the voltage reference. Hence, (9) becomes
Experimental results of the proposed strategy are shown in Fig. 10 . The test has been conducted under the same conditions as for Fig. 6 The properties of this strategy are as follows: 1) the high-frequency current ripple is larger than the ripple of the Z-SVM, but acceptable for the machine under study. 2) the value of the zero-sequence current can be high (depends on the machine parameters), but primarily because of the high-frequency current ripple. The increase in Joule losses due to the third-harmonic component is negligible. 3) the peak value of the phase current can be large (depends on the zero-sequence inductance). In this case, the peak amplitude increases of about 24%. Additional experimental results are presented in Fig. 11 . The test shows the machine starting at time t = 0 s and with a 100 rad s −2 acceleration maintained throughout 2.5 s. The torque reference is such that I * q = 25 A. The drive enters the flux-weakening region at time t = 1.7 s. A main difference compared with the Z-SVM is the control over the zero-sequence current, which is close to zero in the flux-weakening region.
The other major difference is the voltage limitation [see Fig. 11(c) and (d) ]. As the zero-sequence voltage reference is different from zero, the maximum dq voltage decreases. At ω m = 250 rad s −1 , the maximum voltage is about 5% lower. This has an effect on the flux-weakening algorithm, which requires a larger d-axis current (absolute value) in order to fulfill the voltage constraint (14) .
C. New Strategy Accounting for the Phase and Amplitude of the ZSHD
In the previous section, it was shown that voltage vectors that have a zero-sequence component different from zero have reduced αβ components. Actually, Fig. 8 shows the projection of a voltage vector, which yields a worst case analysis. The derived (12) is obtained by considering that both maxima are obtained simultaneously, i.e., that the maximum values of V 0 and of V α occur at the same time.
A further analysis is presented in this section. The abc reference frame gives a good representation of the problem to be solved as the voltage limit can be simply expressed as
Assuming only voltage fundamental-and third-harmonic components, the voltage of phase a can be expressed as follows:
where k 1 , k 3 are the magnitudes of the fundamental and thirdharmonic components, respectively, whereas φ 1,3 is the phase displacement between these harmonics, the fundamental component being the absolute phase reference. Fig. 12 illustrates a waveform composed of fundamental-and third-harmonic components. The maximum value of V a is equal to one. For the chosen set of parameters, i.e., k 1 = 1.035, k 3 = 0.1, and φ 1,3 = −π/4, it is shown that the fundamental value is larger than the dc-link voltage.
As mentioned in Section I, an objective of the control strategy is to prevent inverter saturation, which can lead to large zero-sequence currents as the zero-sequence inductance can be very low. Therefore, the zero-sequence voltage calculated by the controller has to be applied to the machine and the problem consists thus in calculating the maximum fundamental or dq voltage limit.
Therefore, the problem is reduced to determining k 1 that fulfills (16) when V a = 1 and for given k 3 and φ 1,3 . Although the problem seems simple, the solution given by symbolic math software is rather complex and is not appropriate for a real-time implementation. For the proposed implementation, the calculation is performed offline and a lookup table with two inputs (k 3 and φ 1,3 ) and one output (k 1 ) is generated. This relation is shown in Fig. 13 , which depicts the maximum fundamental voltage k 1 as a function of the third-harmonic component k 3 and for various relative phases φ 1,3 . The figure highlights that the relative phase has an important contribution. For example, in case k 3 = 0.18, relative phases equal to φ 1,3 = 0 and φ 1,3 = π yield k 1 = 1.15 and k 1 = 0.82, respectively, i.e., a difference of about 40%. It is interesting to note that the worst case of Section III.B corresponds to the case φ 1,3 = π (straight line). Fig. 14 shows the control block diagram associated with the proposed control strategy. The major difference compared with the scheme of Fig. 9 is the phase and envelope detector, which allows the optimal fundamental voltage to be calculated. This block is further described in Fig. 15 .
The saturated voltage references V * * d and V * * q are used to calculate the phase angle of the fundamental component, which is multiplied by three to be consistent with the phase angle of the third-harmonic component.
The processing is a little more complex as regards the zerosequence component. A quadrature-signal generator (QSG) that generates a 90
• -lagging signal is first applied to the zerosequence voltage reference [12] , [29] . Two 90
• -shifted signals with pulsation equal to 3ω e are thus obtained, i.e., V * 0,α and V * 0,β . These signals are then transformed into constant signals by applying a rotation matrix with a rotation angle equal to 3θ e . Finally, the constant values V * 0,d and V * 0,q are used to calculate the phase angle of the third-harmonic component φ 3 and its magnitude k 3 . The difference between both phase angles φ 1,3 is then calculated.
From φ 1,3 and k 3 , the lookup table allows k 1 to be found. This coefficient multiplies the dc-link voltage to determine the Experimental results of the proposed strategy are shown in Fig. 16 . The test has been conducted under the same conditions The waveform is similar to the waveform shown in Fig. 10 . However, a difference is noticeable regarding the values of the q-and d-axis currents (see Section IV for a comparison between the strategies). Fig. 17 illustrates the ZSHD for a test where the machine starts rotating at time t = 0 s with a 100 rads −2 acceleration lasting for 2.5 s [see speed profile in Fig. 18(b) ]. The torque reference is such that I * q = 25 A. Fig. 17 is associated with Fig. 18 showing the 0dq currents, speed profile and dq voltage references. Fig. 17(a) shows the zero-sequence voltage reference and its envelope obtained through the scheme of Fig. 15 . Initially, the zero-sequence emf is low. However, the PI controller injects a zero-sequence voltage different from zero. The origin of this voltage is the compensation of the nonlinearity due to the inverter voltage drops and dead time. The same phenomenon has been identified in simulations. when the machine enters the flux-weakening region at time t = 1.7 s. It is worth noticing that the zero-sequence voltage still increases in the flux-weakening region (up to 7.5%), while the dq-components are maintained approximately constant. Therefore, even machines with a low zero-sequence emf can present a significant amount of zero-sequence voltage in the flux-weakening region, for instance machines with large dq inductances designed to be operated in a large constant-power region. Fig. 17(b) shows the relative phase between the fundamentaland third-harmonic components. Initially constant, the phase shifts from 180
• when the zero-sequence voltage crosses zero at time t = 0.7 s. The relative phase is approximately constant when the speed increases at rated torque. The phase changes, however, significantly when the machine enters the flux-weakening region. The phase is approximately equal to 2 rad (115 • ) at ω m = 170 rad s −1 and ends equal to 0.8 rad (45 • ) at ω m = 250 rad s −1 , i.e., a difference of 70 • , which is primarily due to a change of the dq-axis voltage references.
Regarding the voltage limitations, Fig. 18(d) shows that V dq ,max is larger than 1.22 pu, i.e., that the maximum fundamental component is larger than the dc-link voltage. The experimental value obtained with ω m = 250 rad s −1 is 2.4% larger than the dc-link voltage. This value is equivalent to the coefficient k 1 that can be found in Fig. 13 with k Fig. 11(d) , there is thus a maximum voltage increase of 2.4% instead of a decrease of 5%. Fig. 19 compares the three strategies as regards the torque versus speed characteristic for the machine under study. It shows that the proposed strategy (ZSHD) has superior performances in terms of maximum torque, and thus, efficiency in the fluxweakening region, followed by the Z-SVM and the VL-PWM.
IV. COMPARISON OF THE CONTROL STRATEGIES
The performance of the ZSHD strategy compared with the voltage-limited strategy is simple to be analyzed. In Fig. 20 Compared with the Z-SVM, the superiority of the proposed ZSHD strategy is due to two factors. First, the zero-sequence voltage allows an increase of the fundamental component. Although this is a well-known property for star-connected machines, the constraint on the zero-sequence current is such that the gain depends on the machine parameters, primarily the zerosequence emf but also the dq inductances, which influence the phase of the voltage fundamental component. Next, the zerosequence current can be significant using the Z-SVM strategy. As the Joule losses are accounted in the saturation of the q-axis current reference, the maximum torque is reduced when the machine is operated at maximum Joule losses. These losses depend on the machine parameters as well, as the zero-sequence shortcircuit current depends approximately on the ratio |e (3θ e )| /L 0 .
The electric machine parameters have thus an important impact on the different strategies. This is summarized in Table IV , which can be used as a qualitative tool to select the appropriate strategy as a function of the machine parameters. Multiple strategies can also be embedded in the controller with an appropriate switching from one strategy to another in function of the operating conditions. V. CONCLUSION This paper has presented three different control strategies for open-end winding drives operated in the flux-weakening region. The topology under study has the particularity to have one single energy source; therefore, a zero-sequence path exists and this has to be accounted for in the control loops.
The first method consists in modifying the modulation strategy to eliminate zero-sequence high-frequency current ripple.
However, triplen harmonics appear and it is shown that their effect can be worse than the effect of high-frequency current ripple.
Consequently, a second strategy is presented. A conventional modulation is used, and triplen harmonics are eliminated by the control loop. The worst case analysis is presented to show that the maximum dq voltage has to be reduced in function of the zero-sequence voltage. This simple analysis gives good results but proved not to be optimal.
Finally, a third strategy is proposed. Although similar to the second, this strategy takes into account the phase and magnitude of the third-harmonic component to determine the maximum dq voltage. This yields a better utilization of the dc-link voltage while preventing inverter saturation of the zero-sequence circuit.
Finally, a comparison showed that the proposed strategy has superior performances for the machine under study. However, the performances are strongly dependent on the machine parameters, as discussed throughout the paper.
The problems arising when an open-end winding is associated with a six-leg inverter have been presented and it is shown that several solutions are available. Modifications of the modulation strategy are possible, but an appropriate machine design is also mandatory to obtain better performances.
Future research will be directed to extend the proposed fluxweakening strategy to multiphase machines. For these machines, the determination of the voltage and current limits for each harmonic component is yet to solve. 
